The acoustic transmittance of two closely spaced solid plates, each perforated with a square array of cylindrical holes, exhibits a band of near-perfect acoustic attenuation originating from hybridization between a resonance in the gap separating the plates and pipe resonances in the holes. Displacement of one plate relative to the other, such that the holes are no longer aligned, or an increase in the plate separation leads to an increased center frequency of the stop band. This ability to easily tune the frequency of the stop band may prove advantageous.
I. INTRODUCTION
In air, solid bodies are generally effective at blocking the transmission of sound. The addition of slits or holes provides a mechanism for the flow of air through the structure but also permits the potentially unwanted transmission of sound. Studies of the acoustic response of such perforated solid bodies have shown that at certain frequencies, dictated by the slit (or hole) depth there may be near unity transmission of sound. [1] [2] [3] Another study 4 has shown that perforated plates may suppress the transmission of sound better than an entirely solid plate of real (i.e., not perfectly rigid) material across a narrow frequency band owing to diffraction effects. More recently, the response of two non-diffracting solid perforated plates separated by a small gap has been explored. The resonant mode of the gap, defined by the pitch of the hole array, is the origin of a band of near-perfect acoustic attenuation. 5, 6 An experimental study 7 of this structure, referred to as the acoustic double fishnet (ADF), has confirmed the existence of the stop band; a transmission minimum of around À40 dB was observed in the region of 19 kHz, as dictated by the pitch of the hole array. Varying the pitch of the hole array offers one method for controlling the stop band frequency. However, it is obviously difficult to vary the pitch of a hole array once it has been made. In the present study, the exploration of the ADF structure is extended, quantifying the effects of varying the in-plane displacement of one plate relative to the other or the separation between the plates.
The experimental sample ( Fig. 1) consists of two perspex (Lucite) plates, each of thickness h m ¼ 12 mm, perforated with circular holes of radius r ¼ 1.2 mm in a square array of pitch K ¼ 8 mm. The plates are separated by a gap h g which is set at 0.94 mm for the displacement experiment. The sample size is 200 mm Â 200 mm and is placed in an equivalent sized aperture within a solid material. An aluminum mirror collimates sound from a loudspeaker, small enough to be approximated as a point source, placed at its focus. The collimated planar beam of sound is incident normal to the sample. A second mirror focuses the transmitted sound onto an electret microphone. The investigation is undertaken in air where, for the frequency regime considered, the perspex plates are assumed to approximate to perfectly rigid bodies. The transmittance is determined by normalizing the detected data to the transmitted data when no sample is present in the aperture.
II. DIAGONAL AND LATERAL PLATE MISALIGNMENT
With the holes aligned, i.e., the in-plane displacement h off is zero; the transmission of sound at normal incidence shows a series of peaks, associated with pipe resonances from the holes running through the total thickness of the ADF structure. Odd-order modes, possessing a pressure antinode at the mid-point of the structure are shifted in frequency due to volume flow leakage into the gap region, whereas even-order modes have a pressure antinode at the gap and are not significantly affected by the presence of the gap. The effect on the acoustic transmittance of misaligning the plates by a diagonal displacement h off in the xy-plane is first considered, i.e., displacement h off /ͱ2 in both x-and y-directions. The acoustic response of the structure can be predicted using a modified version of the modal matching technique described by Bell et al. 7 We approximate the perspex plates to be perfectly rigid and as such no acoustic waves are supported within the plate. Figure 2 (a) shows modeled transmission spectra as a function of diagonal displacement. [Equivalent data calculated using a finite element method (FEM) modeling package (COMSOL multiphysics) agrees with that calculated from the modal matching method.] It is apparent that, as the plates are progressively offset, the stop band is shifted to higher frequency. In addition, the changing geometry has some effect on the frequencies of the transmission resonances. Figure 2 (b) shows transmission spectra for the case when the plates are offset laterally by h off in the x or y direction.
It is apparent from Figs. 2(a) and 2(b) that the profile of the stop band is almost identical in the diagonal and lateral offset cases (e.g., compare the offsets and frequencies at which the stop band crosses the transmission maxima, at approximately 1.7 mm/25 kHz and 2.6 mm/38 kHz in both cases).
In the corresponding experimental studies, for diagonal offset the frequency is varied from 10 kHz to 40 kHz and the plates offset by integer multiples of 1.42 mm (i.e., 1 mm in both x and y); for lateral offset the same frequency range is used and the plates are offset by integer multiples of 1 mm, with additional data recorded for an offset of To further elucidate this behavior an approximate analytical model is now outlined, following a similar procedure to that used by Bell et al. 7 for aligned plates. For the misaligned case, a square unit cell is chosen centered on a hole in the "input" side of the plate. The acoustic pressure in the gap region is approximated as a sum of zero-order Bessel functions, centered on the "input" hole, of the form
where A and B are constants, k is the wave number, and r is the distance from the center of the input hole. Symmetry conditions force an antinode at the (square) unit-cell boundary, hence for simplicity a square geometry is assumed for the acoustic-pressure wave fronts in the gap region. The transmission through the structure is determined by the amplitude of this pressure field at the position of the "output" hole, with the condition for zero transmission being that the acoustic pressure in the gap exhibits a nodal line that runs through the position of the output hole. As the offset of the plates is increased, the distance between the output hole and the unit-cell boundary is decreased; to achieve zero transmission a shorter distance between the nodal line and the boundary antinode is required, and hence a higher frequency. Figure 5 shows the predictions of this approximate analytical model for the cases of a diagonal offset and a lateral offset. In addition to the variation of the stop-band frequency with hole offset, the figure shows estimated changes in the transmission bands; mode splitting is assumed to be proportional to the strength of the coupling between the holes in one plate and the holes in the other (determined by the amplitude of the pressure field in the gap region at the position of the output hole) and hence falls to zero at the stop-band frequency.
(To avoid over-complication of the analytical model, it is assumed that changes in the extent of mode splitting affect only the higher-frequency mode of a pair while the lowerfrequency mode of the pair remains at a fixed frequency.)
For the case of diagonal misalignment, the modalmatching results [ Fig. 2 Fig. 2(b) at offsets equivalent to h off /K ¼ 0.22 and 0.34; the crossings in Fig. 5(b) are at h off / K ¼ 0.14 and 0.22]. This difference between the diagonal and lateral cases is because the analytical model, as mentioned above, uses a square geometry for the pressure field in the gap and hence assumes square nodal lines, whereas results from FEM modeling in Fig. 6 show the nodal lines to be approximately circular-in the case of lateral misalignment, this introduces an erroneous factor of ffiffi ffi 2 p into the analytical modeling. The six panels in Fig. 6 show FEM plots of the time-averaged pressure field in the xy-plane through the center of the gap region for various values of h off (lateral displacement). The plots are taken at the respective stop-band frequencies for each value of h off . In each plot it can be seen that a pressure node (marked by a solid white circle) runs through the position of the output hole (marked by a dashed white circle) confirming the previous suggestion that this is the condition for sound blockage. Figure 7 (a) shows modal-matching results for transmission through two aligned plates (h off set to zero) as a function of the plate separation h g . As h g is increased the frequency of the stop band is shifted to higher frequencies. The pattern of transmission maxima and minima in Fig. 7(a) can be understood as follows: For smaller values of plate separation h g the system corresponds to that analyzed by Bell et al. 7 and can be explained in terms of a two-dimensional model of the sound field in the gap in which the acoustic pressure is represented by an expression of the same form as that in Eq. (1) . The frequency of the transmission minimum corresponds to the fundamental resonance in the gap and is determined by the pitch K of the hole array; the frequencies of the transmission maxima are determined by the pipe resonances in the holes, which are affected by "leakage" of air flow into the gap. For larger values of plate separation h g , in each unit cell the hole-gap-hole system can be modeled as a pipe of varying cross-section whose resonance frequencies (end-to-end modes) can be readily calculated.
III. EFFECT OF VARYING THE GAP BETWEEN ALIGNED PLATES
8 Figure 7 (b) shows the predictions of these two analytical models-for smaller and larger values of h g (full lines). Missing from this analysis so far is a consideration of how the frequency of the transmission minimum varies with plate separation. This requires a three-dimensional model of the sound field in the gap. The line with circular markers in Fig. 7(b) shows predictions of the transmission minimum, calculated using a third analytical model, based on the simplifying assumption that the acoustic pressure on the central plane of the gap (i.e., mid-way between the plates) follows the two dimensional model of Bell et al., 7 i.e., of the same form as that given in Eq. (1). It is further assumed that the principal nodal line in this plane extends into the "output" half of the gap as a nodal surface with a semicircular profile [ Fig. 7(c)] . The condition for a transmission minimum is that the nodal surface lies at the entrance to the output hole, i.e., the radius of the semicircular profile is equal to half the plate separation h g . On the central plane of the gap, this condition fixes the position of the nodal line in relation to the pressure antinode at the unit-cell boundary-as the plate separation is increased, a shorter distance between the nodal line and the boundary antinode, and hence a higher frequency, is required to achieve a transmission minimum. [The reader will observe that this analysis is very close to the analysis presented above for the case of misaligned plates; this provides an explanation for the similarity between the variation of stopband frequency with plate offset (Figs. 2 and 5 ) and its variation with plate separation (Fig. 7) .] Note that in Fig. 7(b) there is no attempt to combine the three models that produce the various lines, i.e., no attempt to model the interaction between the processes which produce the transmission maxima and those which produce the stop band.
The modal-matching results [ Fig. 7(a) ] and the results from the analytical models [ Fig. 7(b) ] show broadly similar behavior, despite the significant approximations involved in the analytical calculations. This suggests that the insights provided by the analytical models are valid for interpretation of the transmission maxima and minima in the modalmatching results. Figure 8 shows FEM results for the timeaveraged pressure field in the xz-plane for a plate separation h g ¼ 3.5 mm at the frequency of sound blockage. A pressure node can be seen at the entrance to the output hole, but note that the nodal surface has a more complex shape than that assumed in the analytical model. The experimental sample and method are as described for the first experiment. The plate separation is varied from 0.94 mm to 3.76 mm by increasing the number of spacers between the plates in 0.94 mm steps. The separations used in the experimental studies are indicated by the vertical dashed lines in Fig. 7(a) . In Fig. 9 , the experimental transmittance is compared with the transmittance determined from the modal-matching code, with generally good agreement; (FEM results, not shown, are similar to the modal-matching predictions). For the smaller gap sizes a band of strongly suppressed transmission is clearly demonstrated towards the lower end of the measured frequency range and, as the gap size is increased, this stop band moves to higher frequencies. As in the first experiment, the predicted complete blockage of sound is not achieved experimentally, presumably because of viscous losses. In Fig. 9(c) , for h g ¼ 3 mm the center of the stop band lies very close in frequency to the transmission resonance at 25 kHz [see Fig. 7(a) ] and the latter is strongly suppressed.
IV. CONCLUSION
The acoustic double fishnet structure allows for the flow of air from one side to the other while simultaneously offering a band of sound suppression at a frequency determined by the geometry. This stopband can be easily tuned by either misaligning the plates or by varying the gap between them. The stopband frequency is shifted to higher frequencies by in-plane displacement of one plate or by increasing the plate separation. When the stopband has been shifted such that it falls at the same frequency as a transmission maximum, that maximum is suppressed. For the 12 mm thickness plates tested, the modes at 25 kHz are almost entirely suppressed at an in-plane displacement of 1.74 mm. Similarly the same mode suppression can be achieved with aligned plates at a separation of h g ¼ 2.8 mm. Using either in-plane displacement or increased plate separation to suppress the 25 kHz resonances [data in Fig. 4(f) and Fig. 9(c) ] results in transmission of less than À30 dB over the remarkably broad range of 17 to 35 kHz. Bell et al. 7 have suggested that transmission resonances can be suppressed by choosing a suitable plate thickness; however, results from the present paper show how this can be achieved by simply changing the relative position of the plates. Varying the plate separation may be a more attractive option than in-plane displacement of one plate in cases where it is desirable to maintain an unimpeded airflow through the structure.
